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Abstract. Lysine and related diamino acids amplify (fa-

cilitate) the response to inducers of metamorphosis in lar-

vae of the marine mollusk Ha/iotis rufescens. Previous

studies showed that a cholera toxin-sensitive G protein

transduces the lysine signal via a diacylglycerol-dependent

pathway. We have isolated and partially purified larval

cilia that may be involved in recognizing the facilitating

chemical signals. These isolated cilia provide an open or

porous membrane-associated sensory system that is

uniquely tractable for in vitro analyses of chemosensory
signal transduction. The cilia contain receptors that ex-

hibit sodium-independent binding of the facilitating di-

amino acids. The binding strength for lysine and related

diamino acids in vitro is correlated with the effectiveness

of these ligands as facilitators in vivo. The cilia contain a

cholera toxin-sensitive G protein functionally coupled to

the lysine receptor. The receptor and the G protein recip-

rocally regulate one another, suggesting that the chemo-
sensor may be a member of the rhodopsin-like, Gprotein-

coupled transmembrane receptor superfamily. Previous

analyses of mRNAsfrom the larval cilia revealed a se-

quence coding for a G protein with high homology to Gq

from mammalian brain, and another sequence coding for

a protein homologous to G,/G . Similarities between this

system, other chemosensory signal transduction pathways,
and mechanisms of neuronal long-term potentiation are
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evident. Because the receptors and transducers controlling

settlement and metamorphosis in Haliotis and other ma-
rine invertebrate larvae appear homologous to compo-
nents controlling neuronal activity, cellular proliferation,

and differentiation in mammals, characterization of the

molecules controlling metamorphosis may help in the de-

sign of new regulators useful in medicine.

Introduction

The molecular components and mechanisms control-

ling the settlement and metamorphosis of marine inver-

tebrate larvae in response to chemical signals from the

environment are strikingly similar, in some cases, to those

that mediate responses to hormones, transmitters, and
other signals regulating neuronal activity, behavior and
cellular differentiation in mammals. These processes in

the larvae, like their counterparts in mammals, also exhibit

far greater complexity than first realized. Wepresent here

recent findings on one such system from a molluscan

larva, and discuss these data in the context of recently

discovered sequence homologies and other evidence for

relatedness to mammalian receptor-transducer pathways
in molluscan and coral larval systems.

Larvae of the marine gastropod mollusk Haliotis ru-

fescens (red abalone) are induced to settle from the plank-

ton and metamorphose in response to exogenous 7-ami-

nobutyric acid (GABA)'-mimetic peptides found on the

surfaces of specific algae; GABAand GABAanalogs also

induce this metamorphosis (Morse el al. 1979, 1980;

Morse and Morse, 1984; Morse, 1985, 1990). These mor-

phogenic inducers are recognized by externally accessible

chemosensory receptors that have been characterized by

radioligand binding and competition studies (Trapido-

Rosenthal and Morse, 1986a). The induction of meta-
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morphosis of Halioti^ '>

> by low concentrations of

these inducers c;r L or amplified, by lysine

and structurally rei: to acids (Trapido-Rosenthal

and Morse. ). Experiments in vivo showed

that transduci acilitating diamino acid signal

is mediateL aiory pathway that is separate from

the morphogcnetic pathway (Trapido-Rosenthal and

Morse, 1986a, b: Baxter and Morse, 1987).

From experiments conducted with Haliotis larvae in

vivo, we concluded that a cholera toxin-sensitive Gprotein

transduces the facilitating diamino acid signal, and that

this G protein may control a phospholipase C-diacylglyc-

erol-protein kinase C cascade (Baxter and Morse, 1987).

We report here the purification of epithelial cilia from

Haliotis larvae, and the finding that a chemosensory di-

amino acid (lysine) receptor is located on these isolated

cilia. These cilia also contain a cholera toxin-sensitive G
protein functionally coupled to the lysine receptor. These

observations, and the recent discovery of mRNAscoding
for G proteins in the isolated cilia (Wodicka and Morse.

1991), support the suggestion that some of these cilia may
have a chemosensory function. The lysine receptor and

G protein reciprocally regulate one another in the isolated

cilia, in a manner similar to that observed for transmem-

brane receptor-controlled G proteins in mammalian sys-

tems. In conjunction with the recently reported high se-

quence homology between one of the ciliary G proteins

and a G protein from mammalian brain (Wodicka and

Morse. 1991), these results indicate that similar signal

transduction pathways and components may be central

to regulation in both larval metamorphosis and mam-
malian neuronal function and cell differentiation.

Materials and Methods

Larvae and materials

Haliotis rufescens larvae were produced and cultured

at 15C at a density of 10
5

larvae per liter, as described

previously (Morse et al., 1979. 1980). Under these con-

ditions, larvae become competent for metamorphosis 7

days post-fertilization (Morse et al., 1980). Forty-eight

hours prior to use, competent larvae were transferred to

fresh 5 /jm filtered ultraviolet sterilized seawater contain-

ing 2
/L(g, ml rifampicin. at a density of 10

5
larvae/liter at

15C. The radiochemicals
[

32
P]-NAD, [

3

H]-L-lysine, [

3

H]-
L-alaninc and

[

3
H]-L-leucine were purchased from

DuPont/N Electrophoresis reagents were purchased
from Bio I aboratories. All other chemicals were

purchased fro na. Artificial seawater media (see be-

low) were aerate, ! 6 h at 1 5C before use.

Cilia isolation

Abscission of cilia \\as induced by a modification of

the calcium/ethanol procedure developed by Watson and

Hopkins (1962). Prior to removal of cilia, 10
6

larvae at 7

days post-fertilization were incubated at 15C in 18 1 of

a calcium-free artificial seawater (ASW) solution (420 mA/
NaCl, 9.0 mMKC1, 52 mMMgSO4 , 23 mMMgCl 2 , 2.0

mMNaHCO.,, 9.0 mTl/Tris-HCl, and 2 //g/ml rifampicin;

final pH =
7.8) for 24 h, and then transferred to normal

ASW(Cavanaugh, 1956) containing rifampicin (2 Mg/ml)
fora further 24 h incubation at 1 5 C to allow equilibration

to normal conditions. This treatment effectively removes

the larval shell, thus exposing the epithelial cilia (located

primarily on the head). Approximately 10
6

treated larvae

then were placed in 135 ml ASWto which ethanol was

added to a final concentration of 10% (v/v); this mixture

was gently stirred for 1 min at room temperature. CaCl :

was added to a final concentration of 10 mMover that

in ASW, and the sample stirred for an additional 17 min
at room temperature. After filtration through a 95 j*m

nylon mesh (Nitex brand) to remove deciliated larvae, the

suspension of shed cilia was centrifuged at 1500 X g for

5 min at 4C to precipitate debris; the cilia then were

collected by centrifugation at 10,000 X g for 10 min at

4C. The resulting cilia pellet was washed three times by

resuspension in 30 ml buffer [20 mMTris-HCl (pH 7.6),

10 mMMgCU. 1 mMEGTA] and centrifugation at

10,000 X g for 10 min at 4C. The final washed pellet

was resuspended in buffer (as specified below). Protein

was measured spectrophotometrically (Bradford. 1976)

after alkaline digestion.

Scanning electron microscopy

The cilia pellet was suspended in water and applied to

poly-L-lysine-treated glass cover slips. After 30 min, the

cover slips with affixed cilia were washed with water, sub-

jected to critical-point drying, sputtercoated with gold,

and examined with an ISI Model Alpha-9 scanning elec-

tron microscope.

Radioligand binding assays

Binding of (
3
H)-L-lysine was analyzed as a function of

concentration with minor modifications of the method

previously described (Trapido-Rosenthal and Morse.

1986a). Cilia were apportioned at a final protein concen-

tration of 50 jug/ml in 250 jul final volume of binding

buffer (20 mMTns-HCl pH 7.6. 10 mMMgCl 2 ), and

incubated with radioactive ligand for 1 h at 2C. Assays

were terminated by filtration through 0.2 /urn nitrocellu-

lose membrane filters (Millipore HAWP; 25 mmdiam.)

that had been presoaked in buffer at 0C for 20 min.

Filters were rinsed rapidly with two successive 3-ml por-

tions of ice-cold buffer and dissolved in scintillation fluid;

radioactivity was determined by liquid scintillation. Scat-

chard analyses of binding data were performed with the

non-linear curve fitting programs EBDA/LIGAND of
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Figure 1 . Scanning electron micrographs of the cilia purified from Haliotis larvae. (A) Scanning electron

micrograph of cilia preparation (2400X). Contour lengths of the long propulsive cilia > 5.0 ^m. (B) Isolated

view of smaller proposed sensory cilia (length ca. 0.5 ,um) in the same preparation (4500 ).

Rodbard and Munson (McPherson, 1985). Competition
for binding by unlabelled L-lysine, L-ornithine, or L-a,fS-

diaminopropionic acid was analyzed similarly, with the

same program.

ADP-ribosylation

Cholera toxin-catalyzed ADP-ribosylation for the la-

beling of G protein was performed as described by Pace

and Lancet (1986), using cholera toxin preactivated by
incubation with 20 mMdithiothreitol at room tempera-
ture for 15 min. Cilia (200 jug/ml protein) were incubated

at room temperature in a buffer containing 20 mMTris-

HC1 (pH 7.6), 30 mMthymidine, 1 mMATP, 0.1 mA/
GTP, 5 mA/MgCl:, 1 mMEDTA, 3 mA/ phosphoenol-

pyruvate, 5 units/ml pyruvate kinase, 0.05% Triton X-

100, 1 mA/ dithiothreitol, 5 //A/ [

32
P]-NAD (10-20 Ci/

mmol), and preactivated cholera toxin at a final concen-

tration of 10 /ig/ml in a final volume of 200 n\. The re-

action was terminated after 30 min by adding an equal
volume of 2X electrophoresis sample buffer (100 mA/Tris-

HC1 pH 6.8, 20% glycerol, 2% SDS, 100 mA/ dithiothre-

itol, and 0.004% bromophenol blue) and boiling for 20

min. ADP ribosylation of cilia for G protein activation

was conducted under similar conditions without radio-

isotope (Pace and Lancet, 1986), using a 1-h incubation.

Cilia then were centrifuged at 15,000 X # for 10 min at

4C, resuspended in buffer, and assayed as described.

Gel electrophoresis and autoradiography

Proteins were separated by one-dimensional SDSpoly-

acrylamide gel electrophoresis (SDS-PAGE) (Laemmli.

1970) with a 10% separating gel. Molecular weight stan-

dards were included on each gel. Gels were dried and

exposed to Kodak X-OMATx-ray film with intensifying

screens at 70C. Bands were quantified by densitomet-

ric scanning of the autoradiogram with an LKB Ultra

Scan XL.

Results

Isolation of larval cilia

Cilia were purified from Haliotis rufescens larvae as

described above; the yield was about 0.8 g wet weight/ 10
6

larvae. The resulting preparation contained cilia recog-

nizably derived from externally accessible structures, ap-

parently including the propulsive swimming cilia from

cells of the velum and sensory cilia from the cephalic apical

tuft and other sensory structures (Bonar, 1978; Yool,

1985). The deciliated larvae remained alive and largely

intact, indicating that the cilia obtained were removed

from external epithelia. Scanning electron microscopy re-

vealed a highly purified but heterogeneous population of

cilia with no apparent contamination by other cellular

material (Fig. 1 ). Two distinct classes are seen: elongated

cilia (>5 nm length), apparently the swimming cilia from

the velum, and short cilia (cu. 0.5 /urn long), each with an

enlarged process at one end (Fig. IB); these apparently
include the paddle cilia of the apical tuft and other sensory

tissues. [Although the distal enlargement is clearly an ar-

tifact of fixation, its distribution in any organism is limited

to particular body regions (Short and Tamm, 1991). In
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larval Haliotis refescens . . 1985) as in marine

turbellaria (Ehlers am: : '78) paddle cilia are

found only on sense reflecting, presumably, a

unique speciali/atio 'S-gd electrophoresis confirmed

the substanr. ion of the larval cilia (Baxter,

1991); a domr rotein with molecular mass identical

to that of i iubulin was found in the cilia prepa-

ration, whereas this was only a minor constituent of the

proteins from the whole larvae.

Lvsine receptors

The purified cilia exhibit specific and saturable binding

of [

3

H]-L-lysine that reaches equilibrium within 15 min

at 2C (Baxter, 1991). Scatchard analysis of the specific

equilibrium binding (Fig. 2) formally resolves a high af-

finity binding site (K<j
< 0.1 nM) and a low affinity site

(Kj > 10 nAf). The maximal binding (B max ) of lysine is

on the order of 10 femtomoles/jug cilia protein at the high

affinity site and ca. 100 femtomoles/^g protein at the low

affinity site. Although exhibiting some variation from one

preparation of cilia to another, these binding parameters

proved highly reproducible within each preparation. The

presence or absence of sodium had no significant effect

on these parameters for lysine binding (Baxter, 199 1 ).

The abilities of the unlabeled facilitating diamino acids

L-,j8-diaminopropionic acid (DAPA), L-lysine and L-

ornithine to compete for the specific binding of
[

3
H]-L-

lysine to the cilia are correlated with the activities of these

compounds as facilitators of larval metamorphosis (Fig.

3). The rank order of binding strength and biological ef-

fectiveness is DAPA> L-lysine > ornithine.

6x10-5

100 150 200

ie Bound (fmoles/ug protein)

Figure 2. Binding : I -Ivsine to cilia purified from Haliotis

larvae. Scatchard analysis tuil.brium specific binding data. Data were

analyzed with the compui. assisted non-linear curve fitting programs

EBDA/LIGAND (McPherson. i')NM: each point represents the mean
of three determinations. Details as described in Materials and Methods.
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Figure 3. Comparison of the ciliary binding affinities of DAPA, L-

lysine and L-ornilhine to the relative biological effectiveness of these

compounds as facilitators of the larval morphogenetic response. The

apparent dissociation constants were determined by competition binding

studies with ['H]-L-lysine and analyses of data using the computer pro-

grams EBDA/LIGAND as described in Materials and Methods. The

EC50 value is the concentration of diamino acid that produces 50% of

the maximal amplification of the morphogenetic response induced by

O.I pMGABA. This was determined using the biological assay of set-

tlement and metamorphosis described in detail elsewhere (Trapido-Ro-

senthal and Morse. 1985).

Receptor coupled to Gprotein

Wepreviously reported that cholera toxin and the non-

hydrolyzable GTP analog 5'-guanylylimidodiphosphate

(GppNHp), both activators of G proteins, facilitate the

morphogenetic response of Haliotis larvae to GABAin a

manner similar to that of the diamino acids, thus impli-

cating Gprotein in this control (Baxter and Morse, 1987).

Labeling with cholera toxin, which catalyzes ADP-ribo-

sylation of susceptible G protein subunits (Schleifer et

al.. 1980), reveals this protein in the isolated cilia. A major

polypeptide substrate for this reaction was found with an

apparent molecular mass of 45 kDa (Baxter, 1991), in the

range reported for the a subunits of cholera toxin-sensitive

G proteins from a variety of sources (Schleifer et al., 1980;

Hurley et al., 1984; Oilman, 1987). Weshow here that

this ADP-ribosylation of the ciliary protein catalyzed by

cholera toxin is stimulated as much as 10-fold by the non-

hydrolyzable GTPanalog, GppNHp, in a concentration-

dependent manner (Fig. 4).

Direct activation of Gprotein in the cilia with GppNHp
reciprocally affects the lysine receptors, increasing the Kj
of the high affinity lysine receptor 1 7-fold, with little effect
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Figure 4. Stimulation of cholera toxin-dependent ADP-ribosylation

by GppNHp. Isolated cilia were incubated with
[-'

:

P]-NAD in the presence

and absence of 10 Mg/ml cholera toxin and increasing concentrations of

GppNHp. The treated cilia then were solubilized by boiling in SDS-

PAGEsample buffer and proteins were separated on 10; SDS poly-

acrylamide gels followed by autoradiography. The values presented were

determined from densitometric scans of the 45 kDa bands of the auto-

radiogram; relative ADP-ribosylation was normalized to
3:

P-ADP-ribose

incorporation in the absence of added GppNHp.

on total binding (Table I). Pretreatment of the cilia with

cholera toxin produces a similar effect ( 14-fold increase

in K<j; Table I). Thus we conclude that both GppNHp
and cholera toxin, agents that facilitate the larval response
in vivo( Baxter and Morse, 1987) and interact with a ciliary

G protein in vitro (Fig. 4; cf. Baxter, 1991), reciprocally

modulate the affinity of the ciliary lysine receptor in vitm.

Discussion

Facilitation and long-term potentiation

Lysine and its analogs facilitate the response of Haliotis

larvae to low concentrations of morphogenetic stimuli,

apparently increasing the sensitivity or output of the mor-

phogenetic pathway without affecting the K^ or Bmax of

the receptors that bind the morphogenetic GABAanalogs

(Trapido-Rosenthal and Morse, 1985, 1986a, b; Morse,

1990). The receptors and signal transducers of the lysine-

dependent regulatory or amplifier pathway prove to be

distinct from those of the morphogenetic pathway (Baxter

and Morse, 1987; Morse, 1990). In Haliotis larvae, the

facilitation (amplification) of responsiveness to morpho-
genetic stimuli is long-lived, persisting for at least several

days (Trapido-Rosenthal and Morse, 1986b). This facil-

itation is thus similar, both functionally and biochemi-

cally, to mechanisms of long-term potentiation and clas-

sical conditioning (learning) in other systems (cf. Green-

berg el ul.. 1987; Malenka el ai. 1987; Malinow et a/..

1989; Sweatt and Kandel, 1989; Nelson et ul.. 1990). The

possible adaptive significance of this system for the dual

regulation of larval site-selection and metamorphosis by

convergent chemosensory pathways may include the ca-

pacity for fine-tuning site selection behavior in response
to chemical characteristics of the environment, with en-

hanced selection of sites for metamorphosis (irreversible

commitment to a sessile habit) in potentially favorable

areas (Trapido-Rosenthal and Morse, 1986b; Baxter and

Morse, 1987; Morse, 1990).

Functional coupling of ciliary receptor and Gprotein

Evidence obtained in vivo demonstrated that the reg-

ulatory pathway is controlled by chemosensory receptors

specific for lysine and lysine analogs, and that the lysine

binding signal is transduced by a receptor-regulated G
protein-dependent cascade (Baxter and Morse, 1987). The

findings that ( 1) the effect of lysine binding is mimicked

by G protein activators, including cholera toxin and

GppNHp, and by PKCactivators such as diacylglycerol,

and (2) the facilitation by lysine is blocked by the Gprotein

inhibitor, GDP-/i-S, while facilitation by the direct PKC
activator, diacylglycerol, is not inhibited, suggested that

the facilitation by lysine is obligatorily transduced by a G
protein, and that the action of diacylglycerol and PKC
occur downstream from the GDP-/3-S inhibitable G pro-

tein (Baxter and Morse, 1987). These observations thus

indicated that the lysine receptor, G protein, and PKC
act in a sequential cascade, possibly involving the G pro-

tein-dependent generation of the PKC-specific second

messenger, diacylglycerol. Figure 5 schematically illus-

trates the suggested sequence of signal transduction events

mediating the facilitation by lysine, and indicates the sites

of activation and inhibition by the G protein effectors.

Cilia isolated from the larval epithelium contain so-

dium-independent receptors for lysine, and lysine binding
to these receptors can be modulated by treatment of the

cilia with G protein effectors. The sodium independence

Table I

Effect of Gprotein activators on lysine binding

Treatment

Parameter
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GppNHp & CTActivate

GDP-p-S Inhibits

IPifclim^mm>

Activates

Diacylglycerol-PKC Cascade

I

Amplifies
Larval Response
to Morphogenic Inducers

Figure 5. Schematic diagram of the hypothetical signal transduction

pathway suggested to mediate the facilitation by lysine. Binding of lysine

to an extracellular domain of the receptor protein (drawn here as a trans-

membrane protein) activates dissociation of the intracellular trimeric G
protein. The released fi and 7 subunits of the G protein then activate

the downstream cascade (apparently including a diacylglycerol-dependent

activation of PKC) that results in the facilitation of larval settlement and

metamorphosis. GppNHpand cholera toxin (OT) directly activate the

G protein and mimic the facilitating effect of lysine. GDP-fi-S inhibits

the G protein and inhibits facilitation by lysine. but does not inhibit

facilitation by diacylglycerol (i;/. Baxter and Morse, 1987).

of the lysine receptors on the isolated cilia (Baxter, 1991 )

suggests that they may be true chemosensory receptors,

as the binding of amino acids to transporters generally is

sodium-dependent (Boge and Rigal, 1981; c/.Jaeckle and

Manahan, 1989). Because the purified cilia are predom-

inantly free of other cell structures, we can exclude the

binding of lysine to synaptic receptors in this preparation.

Baxter ( ! 99 1 ) first observed that cholera toxin-catalyzed

labelling of the putative Gprotein -subunit in the isolated

cilia is stimulated significantly by the diamino acid re-

ceptor ligand lysine. This result, analogous to the direct

increase in su sc
;

:

nlity to labelling caused by GppNHp
(Fig. 4), suggests it the lysine receptor is functionally

coupled to a cholo xin-sensitive G protein in the pu-
rified cilia. Transmembrane receptors coupled to G pro-

teins display a marked decrease in their affinity (increased

Kj) for ligand in the presence of GTPanalogs and other

G protein activators (Stadel el al.. 1982). This effect is

thought to result from the activation-induced dissociation

of G protein from the receptor, reciprocally altering the

receptor's binding affinity for ligand. Our observation of

this effect on the ciliary lysine receptor in response to

both GppNHpand cholera toxin (Table I), which interact

with the ciliary G protein in vitro (Fig. 4) and can replace

lysine as an amplifier of larval sensitivity to morphogen
in vivo (Baxter and Morse, 1987), thus further supports

the suggestion that the receptor is functionally coupled to

a cholera toxin-sensitive G protein, and that the receptor

and G protein reciprocally regulate one another. These

results suggest that the lysine receptor on the larval cilia

may be a member of the G-coupled transmembrane re-

ceptor superfamily (cf. Fig. 5).

Gprotein-dependent pathways of chemosensory signal

transduction have been characterized in cilia from several

vertebrates, including fish, amphibians, and mammals

(Chen and Lancet, 1984; Pace el al. 1985; Huque and

Bruch, 1986; Pace and Lancet, 1986; Anholt ct al., 1987;

Huque et al.. 1987; Jones and Reed, 1989). Other receptor-

coupled G protein-dependent signal transduction cas-

cades, similar to that involved in the lysine-stimulated

amplifier pathway of the Haliotis larvae (Baxter and

Morse, 1987), are common mediators of hormonal and

other chemical signals controlling cell function and dif-

ferentiation in a wide variety of systems, including mam-
mals (Gilman, 1987; Freissmuth et al., 1989; Bourne el

al.. 1990).

Other similarities hel \veen larval anil mammalian

systems

Recently, cilia isolated from the Haliotis larvae have

been found to contain mRNAscoding for two G protein

subunits. One is highly homologous to members of the

Gq subfamily, while the other is closely related to the G,/

G group (Wodicka and Morse, 1991). It is striking that

in the region of the deduced protein sequence corre-

sponding to the two guanosine nucleotide binding do-

mains, 50 of the 5 1 amino acid residues of the larval Gq

are identical to those in the protein from mammalian

brain.

Other strong similarities have been found between re-

ceptor-transducer systems controlling neuronal activity

and cellular differentiation in mammals and those con-

trolling the settlement and metamorphosis of marine in-

vertebrate larvae (Morse. 1985, 1990). The inducer rec-

ognized by the Haliotis larvae is a GABA-mimetic peptide

produced by the algae on which the larvae are induced

to settle (Morse and Morse, 1984). This peptide also binds

strongly and specifically to GABAreceptors purified from

mammalian brain (H. Trapido-Rosenthal and A. N. C.

Morse, in prep.). Similarly, we have found that the inducer

of settlement and metamorphosis recognized by larvae of
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the coral, Agaricia humilis, is a sulfated glycosaminogly-
can that also is mitogenic for mammalian lymphocytes

(Morse and Morse, 1991 ). Thus: ( 1 ) for larvae from two

invertebrate phyla, the natural inducers of settlement and

metamorphosis cross-react with mammalian receptors

controlling cell proliferation, differentiation or function;

and (2) the larval receptors and transducers thus far char-

acterized in these pathways are functionally and struc-

turally related to those in mammals. These findings suggest

(beyond the probable evolutionary relatedness of the larval

and mammalian systems) that characterization of the

molecules controlling larval settlement and metamor-

phosis may point to the design of new regulators of mam-
malian cell function with usefulness in biotechnology and
medicine.

Acknowledgments

This work was supported by grants from the National

Institutes of Health ( 1 -RO 1 -RR06640), the National Sci-

ence Foundation (DCB87- 18224), and the Neuroscience

Institute of the University of California at Santa Barbara.

Weare grateful to Neal Hooker for production and cul-

tivation of the Haliotis larvae.

Literature Cited

Anholt, R. R. H., S. M. Mumby, D. A. Stoffers, P. R. Girard, J. F. Kuo,
and S. H. Snyder. 1987. Transduction proteins of olfactory receptor

cells: identification of guanine nucleotide binding proteins and protein

kinase C. Biochemistry 26: 788-795.

Avenet, P., F. Hofmann, and B. I.indemann. 1988. Transduction in

taste receptor cells requires cAMP-dependent protein kinase. Nature

331: 351-354.

Baloun, A. J., and D. E. Morse. 1984. Ionic control of settlement and

metamorphosis in larval Ha/iolis rufescens (Gastropoda). Biol Bull.

167: 124-138.

Barrowman, M. M., S. Cockcroft, and B. D. Gomperts. 1986. Two
roles of guanine nucleotides in the stimulus-secretion sequence of

neutrophils. Nature 319: 504-507.

Baxter, G. 1991. Signal transduction controlling larval metamorphosis.
Ph.D. Thesis, University of California, Santa Barbara. 87 pp.

Baxter, G., and D. E. Morse. 1987. G Protein and diacylglycerol reg-

ulate metamorphosis of planktonic molluscan larvae. Proc. Natl. Acad.

Sci. i'SA 84: 1867-1870.

Boge, G., and A. Rigal. 1981. Na*-dependent amino acid transport by
brush border membrane vesicles isolated from the intestine of a

Mediterranean teleost (Boops salpa). Biochem. Biophys. Ada 649:

455-461.

Bonar, D. B. 1978. infrastructure of a cephalic sensory organ in larvae

of the gastropod Phesiilla sibogae. Tissue Cell 10: 153-165.

Bourne, H. R., D. A. Sanders, and F. McCormick. 1990. The GTPase

superfamily: a conserved switch for diverse cell functions. Nature

348: 125-132.

Bradford, M. A. 1976. A rapid sensitive method for the quanthation
of microgram quantities of protein utilizing the principle of protein-

dye binding. Anal. Biochem. 72: 248-254.

Cavanaugh, G. M. 1956. Formula and .Methods IV of the Marine Bio-

logical Laboratory Chemical Room. Marine Biol. Lab., Woods
Hole. MA.

Chen, Z., and D. Lancet, 1984. Membrane proteins unique to vertebrate

olfactory cilia: candidates for sensory receptor molecules. Proc. Natl.

Acad. Sci. USA 81: 1859-1863.

Ehlers, U., and B. Ehlers. 1978. Paddle cilia and discocilia genuine
structures? Cell Tissue Res. 192: 489-501.

Freissmuth, M., P. J. Casey, and A. G. Gilman. 1989. G proteins

control diverse pathways of transmembrane signaling. FASEBJ 3:

2125-2131.

Gilman, A. G. 1987. G proteins: transducers of receptor generated sig-

nals. Ann. Rev. Biochem. 56: 615-649.

Greenberg, S. M., V. F. Castellucci, H. Bayley, and J. H. Schwartz.

1987. A molecular mechanism of long-term sensitization in Aplysia.

Nature 329: 62-65.

Huque, T., and R. C. Bruch. 1986. Odorant-and guanine nucleotide-

stimulated phosphoinositide turnover in olfactory cilia. Biochem.

Biophvs. Res Commun. 137: 36-42.

Huque, T., J. G. Brand, J. L. Rabinowitz, and D. L. Bailey.

1987. Phospholipid turnover in catfish barbel (taste) epithelium with

special reference to phosphatidylinositol-4,5-bisphosphate. Chem.

Senses 12: 666-667.

Hurley, J. B., M. I. Simon, D. B. Teplow, J. D. Robishaw, and A. G.

Gilman. 1984. Homologies between signal transducing G proteins

and ras gene products. Science 226: 860-862.

Jaeckle, W. R., and D. T. Manahan. 1989. Feeding by nonfeeding
larvae: uptake of dissolved amino acids from seawatei to lecithotrophic

larvae of the gastropod Haliotis rufescens. Mar. Biol. 103: 87-94.

Jones, D. T., and R. R. Reed. 1989. G if: An olfactory neuron specific-

G protein involved in odorant signal transduction. Science 244:

790-795.

Laemmli, LI. 1970. Cleavage of structural proteins during assembly of

the head of bacteriophage T4. Nature Til: 680-685.

Malenka, R. C, D. V. Madison, and R. A. Nicoll. 1986. Potentiation

of synaptic transmission in the hippocampus by phorbol esters. Nature

321: 175-177.

Malinow, R., H. Schulman, and R. VV. Tsien. 1989. Inhibition of post-

synaptic PKC or CaMK. II blocks induction but not expression of

LTP. Science 245: 862-865.

McCloskey, M. A. 1988. Cholera toxin potentiates IgE -coupled inositol

phospholipid hydrolysis and mediator secretion by RBL-2H3 cells.

Proc. Natl. Acad. Sci. USA 85: 7260-7264.

McPherson, G. A. 1985. Kinetic. EBDA. Ligand. Lowry. A Collection

of Radioligand Binding Analysis Programs Elsevier Science Pub-

lishers. BV. UK.

Morse, A. N. C., and D. E. Morse. 1984. Recruitment and metamor-

phosis of Haliotis rufescens larvae are induced by molecules uniquely

available at the surfaces of crustose red algae. / Exp. Mar. Biol. Ecol.

75: 191-215.

Morse, D. E. 1985. Neurotransmitter-mimetic inducers of settlement

and metamorphosis of marine planktonic larvae. Bull. Mar. Sci. 37:

697-706.

Morse, D. E. 1990. Recent progress in larval settlement and meta-

morphosis: closing the gaps between molecular biology and ecology.

Bull. Mar. Sci. 46: 465-483.

Morse, D. E., and A. N. C. Morse. 1991. Enzymatic characterization

of the morphogen recognized by Agaricia humilis (scleractinian coral)

larvae. Biol. Bull. 181: 104-122.

Morse, D. E., H. Duncan, N. Hooker, A. Baloun, and G. Young.

1980. GABAinduces behavioral and developmental metamorphosis
in planktonic molluscan larvae. Fed. Proc. Fed. Am. Soc. Exp. Biol.

39:3237-3241.

Morse, D. E., N. Hooker, H. Duncan, and L. Jensen. 1979. i-Ami-

nobutyric acid, a neurotransmitter. induces planktonic abalone larvae

to settle and begin metamorphosis. Science 204: 407-410.



154 G. T. BAXTERAND D. E. MORSE

Nelson, T. J., C. Collin, and D. J.. -Mliim 19-X) Isolation of a Gprotein

that is modified by learning ,i ci;s p< >iassium currents in Her-

missenda. Science 247:

Pace, U., and D. Lancet. 19,'-' iy GTP-binding protein: signal

transducing pel
' '.ito ehemosensory neurons. Proc.

NatLAcad. -4951.

Pace, I'., E. Hanski, : ian, and D. Lancet. 1985. Odorant-sen-

sitive adenylate cyctosc may mediate olfactory reception. Nature 316:

255-258.

Rothenberg, P. L., and C. R. Kahn. 1988. Insulin inhibits pertussis

toxin-catalysed ADP-ribosylation of G proteins. J. Bio/. Chem. 263.

15546-15552.

Schleifer, L. S., J. C. Garrison, P. C. Sternweis, J. Northup, and A. G.

Gilman. 1980. The regulatory component of adenylate cyclase from

uncoupled S49 lymphoma cells differs in charge from the wild type

protein. J. Biol. Chem. 255: 2641-2644.

Short, G., and S. L. Tamm. 1991. On the nature of paddle cilia and

discocilia. Biol. Bull 180: 466-474.

Stadel, J. M., A. DeLean, and R. J. Lefkowitz. 1982. Molecular mech-

anisms of coupling in hormone receptor-adenylate cyclase systems.

Adv. En:ymol. 53: 1-43.

Sweatt, J. D., and E. R. Kandel. 1989. Persistent and transcnptionally-

dependent increase in protein phosphorylation in long-term facili-

tation ofAplysia sensory neurons. Nature 339: 51-54.

Trapido-Rosenthal, H. G. 1985. Initial characterization of receptors

for molecules that induce the settlement and metamorphosis of Hal-

iotis rufescens larvae. Doctoral Dissertation, University of California,

Santa Barbara, CA. 131 pp.

Trapido-Rosenthal, H., and D. E. Morse. 1985. L-. w-diamino acids

facilitate GABAinduction of larval metamorphosis in a gastropod

mollusc (Ha/iotis rufescens). J. Comp. Physiol. B 155: 403-414.

Trapido-Rosenthal, H., and D. E. Morse. 1986a. Availability of ehe-

mosensory receptors is down-regulated by habituation of larvae to a

morphogenetic signal. Proc. Nail. Acad. Sci. USA 83: 1603-1607.

Trapido-Rosenthal, H. G., and D. E. Morse. 1986b. Regulation of re-

ceptor-mediated settlement and metamorphosis in larvae of a gas-

tropod mollusc (Haliolis rufescens). Bull. Mar. Sci. 39: 383-392.

Watson, M. R., and J. M. Hopkins. 1962. Isolated cilia from Tetra-

hymena pyriformis. Exp. Cell Res. 28: 280-295.

Wodicka, L., and D. E. Morse. 1991. cDNAsequences reveal mRNAs
for two Ga signal transducing proteins from larval cilia. Biol. Bull.

180:318-327.

Xuan, Y-T., Y-F. Su, K-J. Chang, and W. D. Watkins. 1987. A per-

tussis/cholera toxin sensitive G-protein may mediate vasopressin-

induced inositol phosphate formation in smooth muscle cell. Biochem.

Biaphys. Res Comm. 146: 898-906.

Yool, A. J. 1985. Physiological analysis of the induction of metamor-

phosis in larvae of Haliolis rufescens. Doctoral Dissertation, Uni-

versity of California, Santa Barbara, CA. 1 1 1 pp.


